INTRODUCTION
Follicle-stimulating hormone (FSH) is a key regulator for follicular development and selection of the dominant follicle for ovulation in the endocrine axis. Follicle-stimulating hormone has been reported to be crucial for steroidogenesis, follicular recruitment and growth, and increasing the division rates of the granulose cell associated with follicular selection in chicken ovaries (Johnson et al., 1996; Johnson and Bridgham, 2001; Hernandez and Bahr, 2003) . Follicle-stimulating hormone acts by binding to its receptor (FSHR), a member of the family of G protein-coupled receptors, which mediates FSH signal transduction by stimulating adenylate cyclase and production of intracellular cyclic adenosine monophosphate (Zhang et al., 1991; Segaloff and Ascoli, 1993) . It is well known that FSHR mRNA is expressed exclusively in the granulose cells in the ovary (George et al., 2011) and that the amino acid sequences of FSHR homolog are conserved between humans and chickens with a 75% sequence similarity. Furthermore, circulating levels of FSH and the expression of FSHR mRNA in granulose cells of hens have been observed during the laying cycle (Scanes et al., 1977; Zhang et al., 1997) . The chicken FSHR gene is mapped to Gallus gallus autosome 3 and spans a region of 77.6 kb consisting of 10 exons.
Thus, in this study FSHR was chosen as a physiological candidate gene for chicken laying performance based on its role in signal transmission in the endocrine axis. The objective of this study was to investigate variation of FSHR gene and its genetic effects on reproduction traits in the Beijing You chicken.
MATERIALS AND METHODS

Birds and Phenotypic Traits
The Beijing You chicken is a traditional Chinese breed that produces high quality meat and eggs. However, their use is limited by their slow growth rate and low egg yield. In this population, divergent selection was performed using the marker-assisted selection method. Selection was done on 3 traits: BW at 17 wk of age, total egg numbers from the first egg to 40 wk ABSTRACT We analyzed the effects of the polymorphisms of the follicle-stimulating hormone receptor (FSHR) gene on egg production in a Beijing You chicken population divergently selected for egg number, egg weight, and BW across 3 generations. The FSHR gene encodes the receptor of follicle-stimulating hormone, which controls follicular development and recruitment in the ovary. Seven SNP of the FSHR gene were investigated in 768 pedigreed hens from the G2 generation. Association analysis revealed that g.-310A > G, g.-181A > T, and g.159C > T were associated with egg number at different weeks of age (P < 0.05) and that g.75470A > G and g.75860G > A were associated with egg weight at first egg (P < 0.05). The favorable allele of g.-181A > T and g.159C > T had increased frequencies not only in the high line but also over the 2 generations (G2 vs. G1) within the high line. To confirm the association study, we tested for FHSR mRNA expression level in the chicken ovaries. The results showed that the homozygous favorable genotypes of g.-181A > T and g.-310A > C increased the FSHR mRNA expression level compared with the other genotypes (P = 0.001 and P = 0.026, respectively). Hence, our findings implied that the SNP g.-181A > T could be a potential genetic marker for egg performance in the Beijing You chicken, but further replications of our study in other chicken populations are needed to verify such effects detected here.
of age, and egg weight at 36 wk of age. High and low lines were selected across 3 generations (named G0, G1, and G2) with significant differences in the 3 previously listed traits (Figure 1) . A total of 768 hens (468 from the high line and 300 from the low line) developed from 60 sires and 246 dams of the G2 generation were used in the study. All the hens were from the same hatch and were fed at the National Center for Poultry Performance Testing (Beijing, China) under the same conditions (Ou et al., 2009; Liu et al., 2010; Tang et al., 2011) . Phenotypic data on reproductive traits of each bird were collected for age at first egg, egg weight at first egg and at 36 wk of age, and egg production from age at first egg to 24, 28, 32 (EN32), 36 (EN36), and 40 (EN40) wk of age. Ovary tissues of 36 healthy hens from G2 were collected at 32 wk of age and stored at −80°C.
Polymorphism Detection and Genotyping
Genomic DNA was isolated from fresh anticoagulated blood by a TIANamp Genomic DNA kit (Tiangen Biotech Co. Ltd., Beijing, China). Equal amounts of 30 DNA samples (100 ng/µL) were selected randomly and added to a DNA pool. To detect polymorphisms in the 5′ regulatory region and exons of the FSHR gene, 12 pairs of primers (Table 1, Figure 2 ) were designed according to the sequence of chicken FSHR gene (GenBank accession no. NC_006090.2) using Primer3 (http://frodo.wi.mit.edu/primer3/). The PCR reactions were carried out in a final volume of 25 µL that included 100 ng of the pooled DNA, 20 pmol of each primer, 2.5 µL of 10× PCR buffer, 200 µM of deoxyribonucleotide triphosphate, 1.5 mM of Mg 2+ , and 1 U of Tag DNA polymerase (Takara Biotechnology Company, Dalian, China). The reaction conditions were 95°C for 5 min; 35 cycles of 95°C for 30 s, annealing from 57 to 62°C for each primer for 40 s, and 72°C for 1 min; and a final extension at 72°C for 7 min. The PCR products of the pooled samples were purified and sequenced in both directions by the ABI 3730 DNA sequencer. After polymorphism detection, SNP genotyping was performed by matrix-assisted laser desorption/ionization time-offlight mass spectrometry based on MassARRAY iPLEX Platform (Sequenom, San Diego, CA).
cDNA Synthesis and Quantitative Real-Time Reverse Transcriptase PCR
Total RNA from the ovary tissues at 32 wk of age was extracted with RNAprep Pure Tissue Kit (Tiangen) and reverse transcribed into cDNA using HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Primers for FSHR and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were designed using the Primer Express program (Applied Biosystems) and are shown in Table 1 . The mRNA levels were quantified using SYBR Green qRT-PCR on a LightCycler 480 II (Roche Diagnostics GmbH, Mannheim, Germany). The PCR reaction was carried out in a 15-µL volume containing 1 µL of cDNA, 7.5 µL of Master Mix, and 1.5 µL of 5 µM of each primer. Each reaction was run in triplicate under the following conditions: an initial 10 min held at 95°C, 45 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. The relative changes of the target gene was normalized to the reference gene (GAPDH) employing the comparative method 2 −ΔΔCt as described previously (Livak and Schmittgen, 2001 ).
Statistical Analysis
A chi-squared test with the Fisher correction was used to compare the allele frequencies of the 2 lines and of the G2 and G1 generations. Associations of the SNP or haplotype with reproduction traits were analyzed using the MIXED procedure of SAS (version 9.2, SAS Institute, Cary, NC) with a mixed model as follows:
where y was the dependent variable, μ was the overall mean, L was the fixed effect of line effect (high-yield and low-yield), S was the random effect of sire family, G was the fixed effect of the genotypes or haplotypes, b was a regression coefficient, AFE was the covariable describing the effect of age at first egg, and e was the random error.
RESULTS AND DISCUSSION
A total of 11 SNP were identified in the 5′ regulatory region and exons of the chicken FSHR gene, including 3 SNP located in the 5′ flanking region, 1 SNP in exon 1, and 7 SNP in exon 10. Seven of these SNP (g.-684G > A, g.-310A > T, g.-181A > T, g.159C > T, g.75470A > G, g.75860G > A, and g.76424G > C) were chosen for association analysis (Figure 2 ). For the egg number traits, g.-181A > T and g.159C > T SNP were found to be significantly associated with EN32 (P = 0.025 and P = 0.013, respectively), EN36 (P = 0.031 and P = 0.025, respectively), and EN40 (P = 0.023 and P = 0.008, respectively). The SNP g.-310A > G was associated only with EN32 (P = 0.020). For the egg weight traits, g.75470A > G and g.75860G > A were associated with egg weight at first egg (P = 0.030 and P < 0.001, respectively). As shown in Table 2 , the AA and TA genotypes of g.-181A > T showed higher EN32, EN36, and EN40 than genotype TT. As for g.159C > T, the favorable genotype CC was correlated with an increase in EN32, EN36, and EN40 compared with the genotypes CT and TT. For g.75470A > G and g.75860G > A, the egg weight at first egg of GG genotype was higher than that of the other 2 genotypes.
To confirm the association study (Table 3) , we first compared favorable allele frequencies for 5 SNP between G1 and G2 within each individual line. The favorable allele frequencies for g.-181A > T, g.159C > T, and g.75860G > A showed an increasing trend from G1 to G2 in the high line. Second, we compared favorable allele frequencies for 5 SNP between high and low lines within each generation (G1 and G2). The desired allele frequencies for g.-181A > T, g.159C > T, and g.-310A > G were significantly increased in the high line compared with the low line within G2. To summarize, the genetic effects of g.-181A > T and g.159C > T on egg production were supported by their allele frequency changes. Compared with single SNP analysis, haplotype analysis could be more efficient in identifying genetic variants underlying complex traits (Zhao et al., 2003) . In this study, 8 haplotypes were formed by g.-684G > A, g.-310A > T, g.-181A > T, and g.159C > T. Of these haplotypes, the 5 that were most abundant were H1 (GAAC), H2 (GGTT), H3 (GGAT), H4 (AATT), and H8 (AGAC) with frequencies of 0.42, 0.05, 0.08, 0.23, and 0.17, which accounted for more than 94.5% of total haplotypes. Association analysis indicated diplotypes H1H8 and H2H4 had higher egg number at EN32, EN36, and EN40 than the others, and birds with H4H4 yielded the least eggs (Table 4) .
Our results showed that genetic variations in the FSHR gene could affect the laying performance of chickens; however, the mechanisms by which these SNP exert their effects are unknown. Considering that variations in the promoter region may regulate gene transcription by interacting with transregulatory factors, we detected the effect of g.-181A > T or g.-310A > G on FSHR expression in the ovary (Table 5 ). The homozygous favorable AA genotype of g.-181A > T showed higher mRNA expression level than the other 2 genotypes (P = 0.001). For g.-310A > C, significant differential mRNA expression between 2 homozygous genotypes was also observed (P = 0.026). In addition, we analyzed their flanking sequence (online TF SEARCH procedure, http://molsun1.cbrc.aist.go.jp/research/ db/TFSEARCH.html) and found that g.-181A > T was located in the binding sites for transcription factors cdxA. It is evident that the chicken homeodomain protein cdxA can activate transcription via target sequences (Margalit et al., 1993) . Based on the mRNA expression results, it is possible that g.-181A > T might affect egg performance through an altered gene expression-modulating mechanism in the ovary.
In the endocrine reproductive axis, FSH is an essential factor regulating gonadal function and fertility (George et al., 2011) . Its receptor, FSHR, responds to FSH by stimulating the differentiation of granulose cells and initiating steroidogenesis (Rozell et al., 2009) . Until now, it has been extensively reported that the variation of FSHR has genetic effects on fertility traits in humans and other animals (Lussiana et al., 2008). Inactivating mutations were detected in women with infertility, primary and secondary amenorrhea (Achrekar et al., 2010) , and premature ovarian failure (Doherty et al., 2002) , whereas activating mutations may cause ovarian hyperstimulation syndrome (Rodien et al., 2010) and polycystic ovary syndrome (Gu et al., 2010) . In addition, polymorphisms in the 5′ upstream region of FSHR have been found to be associated with superovulation traits in cows (Yang et al., 2010) , and expression of FSHR has been associated with growth of bovine dominant follicles (Hayashi et al., 2010) . This is the first report of the association between FSHR and reproduction traits in chickens. The SNP identified in this population were located exclusively in exon 1 and exon 10 of the chicken FSHR gene, which was partly attributable to the length difference of the exons. The length of the first 9 exons of the chicken FSHR gene is only about 68 to 207 bp, whereas exon 10 is 2,198 bp long. Thus, more SNP are likely to be found in exon 10. In addition, the result of SNP identification in this population is consistent with the information in the SNP database on NCBI Reference Assembly (http://www.ncbi.nlm.nih.gov/snp/), which also exclusively shows SNP in exon 1 and exon 10. This distribution of SNP in the FSHR gene seems to be conserved across different species, with approximately 77, 60, and 100% of all the SNP located in exon 10 of humans, mice, and cattle, respectively.
It may be feasible to combine phenotype performance and several genetic markers into a selection index to enhance reproductive traits. In this study, several SNP and haplotypes in the chicken FSHR gene were found to be associated with early laying performance. Specifically, the genetic effect of g.-181A > T on egg production was supported by significant differences in the favorable allele frequency between 2 lines and across 2 generations. The differential expression of FSHR mRNA correlated to 3 genotypes of g.-181A > T may indicate a possible mechanism for its genetic effect on laying performance. Thus, g.-181A > T could serve as a potential marker-assisted selection marker associated with egg production traits in Beijing You chickens, but further confirmation in different populations is needed.
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